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The formation mechanism of tight oxide scale on the microalloyed steel was investigated at 
temperatures of 550 to 850 C in dry air. Microstructural characterisations reveal that the 
spallation of oxide scale dominates at the centre of coarse grains on the oxidation initiation. The 
fine-grained steel improves the adhesive properties of oxide scale by enhanced grain-boundary 
diffusion. The lower activation energy and higher oxidation rate accelerate cation/anion migration 
along grain boundaries, leading to high magnetite content in the oxide scale. The approach by grain 
refinement at initial oxidation has been proposed to generate the pickle-free tight oxide scale. 
 




*Corresponding authors:  
Z.Y. Jiang; School of Mechanical, Materials and Mechatronic Engineering, University of Wollongong, 






As-hot-rolled microalloyed steels exhibit nearly doubled in strength while still maintaining 
adequate toughness, weldability, ductility and formability, and thereby offer a great potential to 
further substitute conventional quenched and tempered steels [1, 2]. The improvement of the 
toughness and weldability can be obtained by the reduction of carbon content, and the resultant 
decrease in strength is compensated by the additions of Si and Mn [3]. Much higher strength can be 
enhanced through precipitation hardening and fine grained hardening by microalloying with low 
cost Nb, V, and Ti, individually or complexly [4]. Nowadays, the as-hot-rolled high strength steels 
have found extensive applications in various structures and automotive components. 
 
Promising potential for the automotive microalloyed steel lies in the pickle-free tight oxide scale 
formed on the surface of hot-rolled strips due to thermal oxidation at elevated temperatures [5]. The 
tight oxide scale is expected to deform with steel substrate without cracking, and may act as 
lubricant between the workpiece and tool during downstream processing. Our previous work [6, 7] 
indicated that tribological properties of the oxide scale could be enhanced by the presence of 
magnetite precipitates due to their decreased hardness, preferable ductility and adhesive ability. The 
proposed oxide scale comprises of more than 75 % magnetite and retained wustite, with the 
oxide-layer thickness of less than 15 μm. The tight oxide scale obtained can be applied directly to 
the stamping process after hot rolling. 
 
The processing time during the finishing hot rolling and subsequent laminar cooling would be 
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significantly shortened at relatively high cooling rates as the process conditions are modified. Due 
to the natural difference of thermal properties between oxide scale and steel substrate [8], the 
resultant high cooling rates will inevitably cause adhesive properties of the tight oxide scale to 
deteriorate. It is widely accepted that a range of possible adhesive-related failure modes (spallation 
and buckling) can occur during cooling process, and some of these are dependent on the interfacial 
properties between the thermally grown oxide scale and steel substrate [9, 10]. The interfacial 
fracture can be triggered possibly due to the local properties variations including the morphological 
features and the thickness of oxide scale, chemical compositions and roughness at the oxide/steel 
interface [11, 12]. Particularly, the presence of a few amounts of various alloying elements has 
made an understanding of the overall situation elusive [13, 14]. 
 
To develop the mechanism responsible for this tight oxide scale, it is necessary to investigate the 
effect of the steel substrate on the oxidation initiation. The integrity of the oxide scale is largely 
affected by growth stresses which developed within the oxide scale during the oxidation process, 
and also by the residual stresses that result after cooling to room temperature [15, 16]. Surface oxide 
cracking associated with oxidation-induced grain boundary sliding at the oxidation temperature 
occurs in response to the evolving compressive growth stress in the oxide scale [17]. Different 
mechanism for the spallation failures resulted from these stresses have been preferred as possible 
explanations. One of the most influential ideas is that elemental oxygen penetrates the grain 
boundary at or ahead of surface cracking, reduces cohesion and thereby accelerates cracks growth 
[18]. During the initial stage of oxidation when a continuous thin layer formed, some studies [19] 
found that the critical concentration of alloying elements could be a function of the grain size of 
steel substrate. Grain refinement of steel substrate influenced the resulting oxide composition and 
morphology, and thereby altered the oxidation behaviour [20-23]. Coarse-grained steels grow 
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alloying-rich oxides over the steel grain boundaries and Fe-rich oxides over the steel grains, 
whereas, the fine-grained steels form a uniform alloying-rich oxide [24]. Several studies [25-27] 
have found that the adhesive-related failure normally appears on the centre of grains of steels, while 
it disappears in the vicinity of the grain boundaries due to the accumulation of alloying elements 
there. Additionally, the additions of small amounts of Cr are known to be another major cause of the 
improvement in adhesion properties [26]. During the early stage oxidation, oxygen diffuses into the 
steel substrate and reacts with solute elements which are more oxygen active than the base steel [27, 
28]. The formed oxides phase could act as a diffusion barrier and improve the scale adhesion. 
 
However, a coherent understanding of how grain size influences specific oxide structures when they 
are desired is largely lacking. Since coarsening of the grains would take place at high temperatures, 
less works to date have been reported on effects of the temperature-dependent grain coarsening on 
the oxidation initiation. There has been limited work on the formation mechanisms of tight oxide 
scale on the Nb-V-Ti microalloyed low carbon steel during early stage oxidation and subsequent 
cooling process. The facile and controlled microstructure of the desired magnetite phase has not 
been well explored, which is therefore of fundamental and practical interest. 
 
In this present work, we intend to characterise the initial oxidation behaviour of fine-grained 
Nb-V-Ti microalloyed steel in a wide range of temperatures under dry air, thereby to establish the 
constitutive relationship between the grain size of the steel substrate and that of the corresponding 
oxide scale. This investigation also extends upon previous experiments [6] in which a new 
three-layer microstructure of the oxide scale has been presented. Having this target microstructure, 
this paper will try to find what type of the steel substrate can generate this oxide scale, and further 
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to delve the mechanism of their formation. On the basis of the results of these earlier experiments, 
together with additional experiments described in the current work, an advantageous and facile 
approach using grain refinement of the steel substrate at initial oxidation was proposed to increase 
the magnetite content to form the pickle-free tight oxide scale. 
 
2. Experimental 
2.1 Material and sample preparation 
 
The material used was a commercial low-carbon Nb-V-Ti microalloyed steel for an automotive 
beam. The chemical compositions of the studied samples are tabulated in Table 1. In order to fit into 
the heating stage sample holder, metal coupons containing the crucible with the external diameter of 
5 mm and the inner diameter of 4 mm was used for the high temperature oxidation for in situ 
exposures. The steel samples were sectioned into 2.7 mm × 2.7 mm × 2 mm thick pieces using a 
Struers Accutum-50 cutting machine. One of the broad faces on the samples was ground using SiC 
papers of 2400 mesh to a surface finish of 0.6 µm. Prior to the experiments, the samples were 
cleaned in ethanol using ultrasonic agitation and then stored in a desiccator. 
 
In addition, the dilatometry tests were carried out to determine dynamic continuous cooling 
transformation of the microalloyed steel, and the obtained austenitisation starting and finishing 
temperatures can be applied into the initial oxidation tests during heat treatment cycles. The 
dilatometry samples were 10 mm long hollow cylinders with a 5 mm diameter and 0.75 mm wall 




2.2 Apparatus and oxidation procedure 
 
In situ investigation of initial oxidation behaviour of the microalloyed steel was performed on a 
laser scanning confocal microscope (LSCM-VL2000DX, Lasertec in Yokohama) equipped with an 
ellipsoidal infrared image furnace (Model SVF17SP, Lasertec), and with a CCD camera as a 
detector [29]. The heating system consisted of a 1.5 kW halogen lamp positioned in the lower focal 
point of a small gold-plated ellipsoidal chamber that reflected the light to the other focus point 
where the sample was positioned. Thermocouples incorporated around the sample holder were used 
to determine and control the temperature by a digital PID controller (ES100P, Omron). Ultra high 
purity Ar passed through a chamber with Ti turnings at 850 C. A real time oxidation video from a 
CCD light detector was connected to a computer at a rate of 25 frames per second, for later editing. 
Once a polished sample in the 4 mm diameter aluminium crucible was inserted into the LSCM 
chamber, the oxidation of the steel is observed in situ and recorded following a preselected 
annealing programme. 
 
The initial oxidation tests of the microalloyed steel were conducted at the temperatures of 550, 600, 
750, and 850 C. The following procedure was used for each oxidation experiment: (1) the sample 
was heated to 1050 C at a rate of 1.7 C/s under a high purity argon atmosphere, and held for 
about 5 min to homogenise the austenite grains; (2) the sample was then cooled to the desired 
temperatures at a rate of 1.7 C/s and held for 0.5-2 min; (3) the protective gas was switched to 
industry-purity air at the desired flow rate for a duration of 30 s at a constant temperature; (4) the 
oxidation gas was switched off and (5) high purity argon was switched back to prevent further 
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oxidation, and then the sample was cooled to room temperature at a rate of 1.7 C/s. This 
heat-treatment schedule is illustrated schematically in Fig. 1. It should be noted that the oxidation 
time was based on the industrial hot rolling process. The total time for the formation of tertiary 
oxide scale was 26 s measured by a steel factory. Therefore, an exposure time of 30 s was used in 
the present oxidation experiments. 
 
During the oxidation tests, an industrial compressed air was used as the dry oxidising gas. A 
stainless steel tube with the diameter of 3 mm was positioned on top of the sample holder so that the 
oxidising gas was directly injected onto the surface of the polished sample. By blowing air directly 
onto the specimen surface, the influence of a varying oxygen partial pressure on the kinetics of 
oxidation is minimised [29]. It is therefore more likely that the specimen surface would be exposed 
to an instantaneous and constant partial pressure of oxygen of 0.21 atm during oxidation. The 
compressed air was introduced at a constant flow rate of 3.1 × 10−5 m3/s, rendering a velocity of 12 
m/s. The flow rate of the inert gas was varied between 6 × 10-6 and 5 × 10-5 m3/s. 
 
Additionally, the dilatometry tests were conducted in a Theta II high speed thermo-mechanical 
simulator. The specimens were heated to the temperature of 1200 C at a heating rate of 20 C/s, 
held for 180 s to dissolve microalloyed carbides, and then cooled to room temperature at different 
rates. 
 




The surface topography after oxidation was immediately examined in a Nanoscope IIIA atomic 
force microscope (AFM) in order to prevent the surface of the sample from being contaminated 
after each oxidation experiment. Several images were recorded at different locations for all samples 
to verify the reproducibility of the observed features. Then Au deposition, the samples were coated 
in epoxy resin to protect the oxide scale. For cross-sectional analysis, the edges of the sample were 
ground on 2000 grit SiC paper, and ion-milled at 6 kV for 5 h using a Ticx 020 Leica cross-sectional 
ion miller [30]. A JEOL-JSM 6490 scanning electron microscope (SEM) and An XT Nova Nanolab 
2000 focus ion beam (FIB) microscope were used to investigate the surface morphology, 
microstructures and the thickness of the oxide scale. These measurements for the thickness of the 
oxide scale can be used to define oxidation kinetics based on image analysis. A GBC MMA 
diffractometer with mono-chromated Cu-Kα radiation was used to detect the phase composition of 
the samples after oxidation. The steel substrates were also mapped from the mid-planes of the 
samples using a field emission gun scanning electron microscope (FIB-SEM) equipped with an 
Oxford Instruments Channel-5 electron back-scattering diffraction (EBSD) system operating at 15 
kV with a step size of 0.125 µm. 
 
3. Results 
3.1 Characterisation of the microalloyed steel 
 
Prior to the oxidation experiments, the properties of the microalloyed steel substrate were analysed. 
Fig. 2 shows a typical dilatation vs. temperature curve of the steel specimens at the heating rate of 
20 C /s. Dynamic continuous cooling transformation diagram (CCT) of a Nb-V-Ti microalloyed 
steel which has similar chemical compositions to the steel applied in the current study is also 
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presented in Fig. 2 [2]. The specimen contracts during heating although the increase of temperature 
as a result of the microstructure rearrangement during phase transformation [31]. From this curve in 
Fig. 2a, the starting and finishing of phase transformation can be easily detected, where Ac1 and Ac3 
are 725 and 865 C, respectively. Further previous experiments [2] indicate that the transformation 
zone of ferrite and pearlite is about 550-750 C and the transformation zone of bainite is about 
410-580 C. The martensite can hardly generate at cooling rate lower than 40 C/s due to the low 
carbon and microalloyed design. The dilatation tests provide that the studied steel has broad process 
window to produce the ferrite-pearlite steel or ferrite-bainite steel. 
 
Fig. 3 presents typical optical microscope (OM) and SEM images of the surface morphology of the 
etched microalloyed steel using 2 % nital solution for 20 s. The microstructure of steel substrate 
consists of 94 % fine-grained polygonal ferrite and 6 % perlite at a cooling rate of 20 C/s and a 
cooling temperature of 660 C. The grain size of the polygonal ferrite was determined as 3 µm by 
using circular intercept method according to ASTM: E112-10. The fine and dispersive pearlite are 
in the matrix of ferrite. High magnification SEM image (Fig. 3b) indicates that most of fine-grained 
ferrite in the microalloyed steel, where the bright line in Fig. 3b refers the grain boundaries in the 
steel substrate. 
 
3.2 Microstructural characterisation 




Fig. 4 provides a series of in situ frames from the first 30 s of the oxidation experiments in 
industrial dry air at 550 C, showing the initial formation and growth of oxide scale on the surface 
of the sample. The colour on the surface of the sample changed as the oxidation time proceeded. 
This may be due to variations in the thickness of the oxide scale, but other factors such as different 
oxide orientation and surface conditions can also affect the colour change. Fig. 4a shows the 
microstructure of the sample that was heated to 1050 C under argon seal and held for 5 min. 
Since the starting temperature in the austenite single phase zone, the microstructure is the pan-caked 
austenite due to heavy deformed in the austenite unrecrystallization zone. The microstructure of the 
sample before air was introduced in Fig. 4c includes the clear grain boundaries of initial austenite. It 
is evident from Fig. 4d that oxidation initially took place at the grain boundaries after the oxidising 
gas exposure. The oxide scale spread rapidly over the steel substrate and the colour in the grains 
changed, as shown in Fig. 4d. As the oxidation time proceeded by 1 s (Fig. 4e), the oxide scale 
continued to grow, but it took about 30 s for a complete oxide scale to form, which is similar to the 
formation of tertiary oxide scale. The oxide scale after cooling in protective gas for 39 s (Fig. 4f), 
where the obvious boundaries can be observed as the oxide scale shrunk.  
 
The cause to present the oxidation at 550 C is based on a previous study [22, 32]. Generally, it 
was hard to detect the oxide growth at this temperature in dry air where magnetite is stable. Similar 
oxidation behaviours were observed at temperatures of 600, 750 and 850 C. The oxide scale that 
formed during cooling in a protective atmosphere also shows the surface of the sample contracting, 
whereas at 750 C there was only slight contraction due to rapid oxidation. With an increase of the 
oxidation temperature, the growth rates of the oxide scale increased significantly, so no more than 1 
s was required for the oxide scale to cover the whole sample surface. It is noted that the surface 
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grain size of the steel substrate has no dramatic change below 1050 C [33, 34]. This allows the 
grain growth mostly occurs during recovery and recrystallization [35, 36]. Therefore, the selection 
of the different starting cooling temperatures aims to obtain spatial non-uniformity in the matrix 
grain size. 
 
3.2.2 Surface morphology and cross section characterisation 
 
Fig. 5 presents the surface morphology of the formed oxide scale after oxidation tests at 
temperatures of 550, 600, 750 and 850 C. The dashed lines marked indicate that the grains of the 
steel substrate and formed oxide share the same ridges. At 550 C (Fig. 5a), less surface 
roughened other than along the grain boundaries, which indicates a minor oxidation occurred. These 
protrusions were sparsely observed along certain boundaries on the uniform surface of the oxidised 
samples at 600 C (Fig. 5b). Although the surface morphology oxidised at 750 C (Fig. 5c) 
becomes more homogenous, there are much higher oxides protruding from the grain boundaries, 
and some pores and micro-cracks also dispersed on the entire region. This could be attributed to the 
rapid oxidation at 750 C and the accumulation of thermal stress caused by the subsequent cooling 
after oxidation process. Fig. 5d shows the surface oxides developed at 850 C has regions of 
localised spallation and blistering failure. High magnification SEM images in Fig. 5e and f show 
that the spalling of oxide scale occurred at the centre of grains of the microalloyed steel substrate 
after oxidation at 850 C. It is clearly seen that the grain boundaries of the steel substrate under the 
debris of oxide scale (Fig. 5f). This shows that the regions with different growth rates are related to 
the oxidation originating from the central of metal grains or at grain boundaries [29]. The 
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relationship between different growth rates and the locations of the underlying grains could be seen 
in all the exposed environments. In the temperature range of 550 and 750 C, the transformation of 
ferrite and pearlite in the microalloyed steel could occur as indicated by the results from dilatometry 
tests described above. Since it has been widely reported [11, 37-39] that the phase composition of 
oxide scale is more important than the thickness for the integrity of an oxide layer, the results 
described here provide another possibility for dissecting the adherence properties of oxide scale 
associated with the grains size of the microalloyed steel substrate as a result from oxidation 
temperatures. 
 
In cross section, the tight oxide scale has different morphologies formed on the fine-grained (Fig. 6a) 
and coarse-grained steel substrates (Fig. 6b). For the fine-grained steel substrate, the oxide scale 
appeared uniformed in morphology, which is well adherent to the homogeneous grains of the steel 
substrate (Fig. 6a). While the oxide scale developed on the coarse-grained steel has regions of 
localised spallation failure, which is prominent when covering the non-uniformed grains of the steel 
substrate (Fig. 6b). Therefore, the homogeneous grains of the steel substrate can possibly enhance 
the potential contribution of grain-boundary diffusion to the integrity of the oxide scale [40, 41]. 
These results suggest that the adhesive failure at the steel/oxide interface could be caused by the 
compressive stress within the intergranular oxide scale sparsely formed on the coarse-grain steel 
substrate during the cooling process. Specifically, a representative EBSD grain size map for the 
steel substrate after oxidation at 850 °C (Fig. 6c) shows the grain size of the polygonal ferrite is 
about 10-20 µm, where grain size with large grains in red, small in blue. Here the distribution of 
grain size in the outer layer is much non-uniform than that of in the inner layer across the cross 
section. The spatial non-homogeneity of the grain size could cause adhesion properties of oxide 
scale to deteriorate. Further, the distribution of grain boundaries of the steel substrate in Fig. 6d 
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indicates the presence of high-angle grain boundaries, which could have significant effects on the 
oxidation rate of the steel substrate. This will be discussed in Section 4.1. 
 
In addition, the cross-sectional characterisation of oxidised samples aims to further determine the 
mechanism of steel/oxide separation occurring at the interface itself (adhesive failure) or near it 
(cohesive failure) [42]. SEM images of FIB cross sections in Fig. 7 show the morphologies of oxide 
scale developed on the steel substrate at 550 and 600 C in dry air. Many failures at 550 °C (Fig. 
7a) are really cohesive in the oxide near the interface and involve oxide growth stresses, oxide and 
metal plasticity and thermal cycling effects due to differential thermal contraction. By contrast, 
adhesive failures appeared at 600 °C (Fig. 7b) relate to interfacial energy, and can affect the 
steady-state interface morphology, varying from impurity segregation and even the physical contact 
at asperities. Therefore, these results indicate the oxide scale formed at 550 °C depends 
significantly on the growth stress, mechanical properties of oxide scale and heat treatment, whereas, 
the oxide scale at 600 °C depends on alloying element accumulated and surface topography of the 
steel substrate. It suggests that the major effect properties of the oxide scale and the corresponding 
steel substrate has on the integrity of oxide scale. These features of the oxide failure described 
above mean that the separation stress within the oxide scale is less than the separation stress at the 
oxide/steel interface at temperature up to the 550 °C, and exceeded above 600 °C (Fig. 7c). This 
result extends the adhesive properties of oxide scale at temperatures range of 850-870 °C during the 
FEM modelling assumption [11]. These stresses cause behind could be due to the volume changes 
associated with phase transformation in the steel substrate while heating or cooling the samples, 




3.2.3 Surface topography 
 
In order to quantify the surface roughness of the oxidised samples, the surface topography was 
measured. Fig. 8 shows the AFM images of the surface topography of the samples after 30 s 
oxidation at temperatures of 550 and 600 C in air. At 550 C, the surface of sample shows mild 
oxidisation with a relative smooth surface topography, as shown in Fig. 8a. Further oxidation at 600 
C results in the oxides protruding from the surface (Fig. 8b). It can be seen that the roughness of 
the surface increased significantly at higher temperatures, which suggests that the oxidation 
temperature exerts considerable influence on the oxidised surface topography of the microalloyed 
steel. It also indicates that a very low surface roughness value could be obtained with a lower 
oxidation temperature and a shorter exposure time in the air. 
 
3.3 X-ray structural analysis 
 
After in situ analysis of high temperature oxidation, the oxide scale generated at the temperatures of 
550, 600 and 750 C were detected using x-ray diffraction technique at room temperature, as 
shown in Fig. 9. The composition of oxide scale is consistent with the expected oxidation behaviour 
at the intermediate temperature. The predominant oxide is magnetite with smaller amounts of sparse 
hematite and ferrite during the early oxidation stage. The variation of oxidation temperature has 
significantly influence on the phase composition of oxide scale, particularly, in the case of multiple 
oxide phases formed at the temperature of 750 C. Nevertheless, it can be noted that there is few 
retain wustite phase as a product of initial oxidation, which indicates that the decomposition of 
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wustite could be completed at this intermediate temperature. This is possibly due to that the high 
density of the grain boundaries of the steel substrate causes the diffusion of cation/anion ions to take 
place the phase transition Fe1-xOFe3O4. 
 
4. Discussion 
4.1 Initiation of oxidation mechanism 
 
The oxidation rate can be expressed by the slope of the curve plotting the measured thickness of the 
oxide scale versus oxidation time based on SEM cross sectional image analysis. In this case, the 
variation in oxidation rates among the specimens is the greatest during the early stage, with the 
highest rates generally corresponding to the specimen with the largest grain size. Fig. 10 is an 
Arrhenius plot of the parabolic oxidation rate constants drawn from the oxidation of the low carbon 




where a least squares calculation of kp values for the fine-grained microalloyed steel. The data 
points of the steel substrate at 850 C were excluded because of the structural irregularities in the 
oxide scale (Fig. 5) caused by the oxide/metal separation under the cooling process. The data given 
by the solid line are therefore considered to truly represent the growth of uniform, adherent, and 
multi-phased FeO-Fe3O4-Fe2O3 oxide scale on the fine grained steel substrate. It is noted that the 
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absence of wustite below 570 C could affect the variation of the overall oxidation rate. The 
previous calculations [43, 44] show that the reason for the decrease in the oxidation rate of Fe-Cu 
alloys with respect to pure iron is related to the practical disappearance of wustite from the oxide 
scales. 
 




where scattered value drawn from Ref [41] for the low carbon steel. The data of the dot line have 
appreciably different activation energies, possibly because of poorer adhesion properties in oxide 
scale, although this could not be confirmed from their publication. The higher kp values and the 
slightly lower activation energy in solid line reflect the finer grain size of the initial formed oxide 
and the fact that cations diffuse preferentially along grain boundaries. 
 
Compared the parabolic rate constants of previous studies [41, 45-48] with the present work, the 
solid line signified the current study lies along the upper limit of the spread of kp values for the dot 
line. The activation energy of 179.2 kJ/mol corresponds closely to that of iron reported 194.9 
kJ/mol (46.6 kcal/mol) between 640 and 805 C [45]. Further, the lower value of activation energy 
exactly approximates to that 174.5 kJ/mol for Fe in the Fe grain boundaries diffusion between 530 
and 650 C [49]. According to Fisher’s model, enhanced element migration occurred in the grain 
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boundary domains assuming a thickness of 50 nm [50]. This value corresponds to the thickness of 
the experimentally observed grain boundary oxides. It is known that the activation energy for 
grain-boundary diffusion decrease with increasing grain-boundary energy [51]. This kind of 
high-angle grain boundaries in Fig. 6d with higher energy might be especially helpful for grain 
boundary diffusion. Therefore, the smaller grain size and the higher grain-boundary energy can play 
an important role in increasing the effective diffusion coefficient of iron-ions and oxygen in steel 
substrate at intermediate temperature as a result of grain-boundary diffusion. In this investigation, 
the higher rate constants and the lower activation energy are considered to be the fine-grained steel 
substrate which accelerates preferential diffusion along grain boundaries during the early stage 
oxidation. 
 
4.2 Effect grain refinement of the steel substrate on tight oxide scale 
4.2.1 Magnetite formation 
 
Enhanced grain-boundary diffusion in the initial oxidation suggests that decreasing the grain size of 
the steel substrate could alter the diffusion process, and thereby to change the overall composition 
of oxide scale, which could be responsible for high desired magnetite content (more than 75 %) in 
the proposed tight oxide scale. The fine-grained steel substrate has a large number of grain 
boundaries serve as ‘short-circuit’ channels for ions diffusion in the early stage oxidation [13, 20, 
52-54]. The inward diffusion of oxygen along the grain boundaries can be involved as a result of 
rapid grain-boundary diffusion through the oxide scale and the enhanced solid solubility of oxygen 
in the steel substrate. By this mechanism, the oxide scale is believed to grown on both sides: the 
reaction of iron-ions and oxygen at the oxide/air interface and the reaction of oxygen with the steel 
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substrate near the oxide/steel interface. So there exists much more oxygen-rich layer (magnetite 
phase) in the fine-grained substrate than that in the coarse grained steel. 
 
Moreover, metal and oxygen react to form a thin layer of oxide scale whose composition 
more-or-less mirrors the compositions of the steel substrate as the short-time oxidation during hot 
rolling. The alloying elements contained, such as manganese, chromium and silicon, could 
contribute to the early stage oxidation similar to those discussed in detail in Refs. [55-58]. It is 
believed that selective oxidation of manganese and chromium occurred at grain boundaries on the 
surface [57], or dispersed all the cross-section oxide scale [57, 58], even further to lower the wustite 
point [56]. Normally, silicon was observed accumulating at the oxide scale/steel interface [10, 59]. 
In any case, the transport of these ions is generally via lattice or grain boundary diffusion [13]. 
Therefore, the increase of diffusion paths as the decrease of the grain size could enhance the 
accumulation of these alloying elements at the grain boundaries. 
 
To further interpret these, the role of grain-boundary diffusion can be illustrated using a 




where DL, and DGB are the diffusion coefficients in the lattice and along the grain boundaries, 
respectively, and f is the area proportion of grain boundary. Assuming that grains have the shape of 
spheres or cubes, the volume fraction of interfaces f may be estimated as 2δ/d (where δ is 
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grain-boundary width and d is the average grain diameter. The grain-boundary width δ is of the 
order of an interatomic distance and δ ~ 0.5 nm is a widely accepted value [50, 53, 54]. Since 




If the grain size d is very small, the Deff is dominated by the second term on the right side of the 
equation. The increase of the Deff thus depends on the relative magnitude of DL and DGB, and the 
temperature dependence of DL and DGB. Normally, grain-boundary diffusion has smaller activation 
energy than lattice diffusion, so that the ratio DGB/DL decreases as the temperature increase [50]. 
Therefore, Deff increases dramatically with a decrease of d at intermediate temperatures. If assuming  
as the effective diffusivity of ions in the coarse-grained (d = 10 μm), Fig. 11 illustrates the ratio of 
Deff is enhanced by grain refinement. For instance, if d is reduced from the reference 10 μm to 3 μm 
in this work, Deff is about 1 order of magnitude larger than that of  in the case of DGB/DL=102, and 
over 2 orders of magnitude larger when DGB/DL equals 103 and 106. 
 
4.2.2 Adhesion properties 
 
Surface spallation failure did not occur on the fine-gained steel oxidised at 550 and 600 C (Fig. 
5a, b), whereas, the oxide scale which formed on the coarse-grained steel at 850 C was often 
buckled between grains of the steel substrate (Fig. 5e) during cooling to room temperature. Two 
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factors can account for the difference: first, the grain size of oxides is limited by the smaller grain 
size of the steel substrate, and is therefore sufficiently small to allow plastic deformation; secondly, 
the more numerous steel gain boundaries provide enough vacancy sinks to suppress spallation 
formation. Even though no clear trend or relationship has apparently been established between the 
grain size of the metal and that of the corresponding oxide scale, the oxide scale growth on 
fine-grain materials also tends to have smaller oxide grains [28]. In our experiments, some of these 
processes were underway during the initial oxidation period. 
 
It should be pointed out here that the failure of the oxide scale is connected with the grain size 
non-uniformity of the corresponding steel substrate. The spallation of oxide scale corresponding to 
the coarse-grained surface at 850 C (Fig. 5e) was found in some regions, whereas other regions 
were covered by the tight oxide scale formed on fine grained substrate (Fig. 5d). Another type of 
microstructural non-uniformity occurred in the cross section of the steel substrate (Fig. 6b), where 
indicated the formation of coarse-grained zones arranged in the outer layer of the steel substrate. 
Whatever the type, microstructure non-uniformity of the steel substrate is detrimental to adhesion 
properties of oxide scale, and should be avoided. A spatial non-homogeneity of the grain 
development could be a result of either non-uniformity in the matrix grain size or non-uniformity in 
the particle distribution or both of them [60]. The heat treatment is normally characterised by strain 
non-homogeneity across the cross section with the strain being greater in the outer layer. In any case, 
the data presented here could be related to the above types of microstructural non-uniformity. 
Oxide/steel interface failures at 550 °C were really cohesive in the oxide near the interface, whereas, 
adhesive failures appeared at 600 °C at the oxide/steel interface (Fig. 7). This result further implies 
the steel substrate has significant influence on the integrity of the oxide scale and the mechanism of 
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steel/oxide separation. Based on these findings, grain refinement effect of the steel substrate on 
adhesive properties was proposed to reveal spalllation and formation mechanism of the tight oxide 
scale, as schematically shown in Fig.12. The higher concentration gradient of the ions diffusion in 
the coarse-grained steel appears at the grain boundaries, which result in the non-uniform oxidation 
over the entire surface of the steel substrate (Fig.12a). The oxide scale generated on the 
coarse-grains steel substrate thereby leads to the non-homogenous compressive stress. The residual 
stress can be relived during the subsequent cooling process and further some spallation failure 
observed on the steel substrate at room temperature (Fig.12b). In comparison with coarse-grained 
steel, the intergranular oxide scale formed on the fine-grained steel can act as a wedge when cooling 
to the room temperature (Fig.12d). As such, homogenous compressive stress can be dispersed in 
uniform oxide scale formed. 
 
In addition to grain size of the steel substrate, different phase microstructures [48] could be another 
trigger to cause adhesion properties of the oxide scale to deteriorate. From dynamic continuous 
cooling transformation diagram [2] (Fig. 2b), the microstructure of steel substrate consists of ferrite 
and pearlite at a cooling rate of 1.7 C/s and a starting cooling temperature of 550 and 600C in 
this study. The duration, i.e. the holding time 2 min and the following 30 s oxidation in Fig. 1, is 
much longer than the incubation time 100 s in Fig. 2b, to allow phase transformation of the steel 
substrate. While, the steel substrate starting cooling from 750 and 850 C is in the austenite single 
phase zone in Fig. 2b. Therefore, the variation in diffusion rates of cation/anion ions through 
austenite and ferrite matrix [13, 21, 29] could have a certain effect on the initial oxidation process, 




In addition, the type of crystallographic surface also significantly affects the final topographies of 
oxide scale. The grain orientation of metal substrate has previously been proposed to affect the 
oxide growth at 350 C [61]. It was found that the growth of oxides on a single crystal (001) 
surface was much faster than that on a single crystal (112) surface. It is therefore plausible to 
predict a similar effect could be exerted on the initial oxidation of microalloyed steel in this study, 




Initial oxidation behaviour of the microalloyed steel was investigated through austenitising at 1050 
C then cooling to 550, 600, 750 and 850 C by 1.7 C/s, and following 30 s oxidation in dry 
air. A formation mechanism of the tight oxide scale was proposed to elucidate effects of grain 
refinement in the steel substrate on high desired magnetite content and the integrity of the oxide 
scale. The following conclusions can be drawn in this present work. 
 
1. The surface spallation failure of oxide scale occurred at the centre of grains of the microalloyed 
steel substrate on the oxidation initiation. The oxide scale grown on the coarse-grain steel substrate 
can cause adhesive properties to deteriorate when cooling to the room temperature. This grain 
refinement effect is more sensitive to the oxide scale formed at 550 °C than that formed at 600 °C. 
2. High and uniform magnetite content obtained in the proposed tight oxide scale could attribute to 
enhanced grain-boundary diffusion as a result of increasing high density of the grain boundaries of 
the fine-grained steel substrate. The higher values of oxidation rate constant and the slightly lower 
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activation energy provide compelling evidence that the initial oxide scale grows on both 
cation/anion ions migration along oxide grain boundaries. 
3. The advantageous approach by grain refinement at initial oxidation was proposed to increase the 
magnetite content to form the pickle-free tight oxide scale, which is promising potential for the 




The authors are grateful to Dr. Daijun Yang at Shougang Research Institute of Technology, China, 
for the provision of the steels. We also acknowledge Mr. Greg Tillman and Dr. Mitchell Nancarrow 
on sample preparation, Dr. Salar Niknafs on high temperature microscope, Dr. Liang Chen and Mr. 
Xingjian Gao on dilatation tests, and Dr. Tony Romeo on SEM for their assistance and sharing of 
enormous experience. We would like to extend special thanks to Dr. Azdiar Gazder on EBSD for 









[2] J. Hu, L.X. Du, J.J. Wang, Q.Y. Sun, Cooling process and mechanical properties design of 
hot-rolled low carbon high strength microalloyed steel for automotive wheel usage, Mater. Design 
53 (2014) 332-337. 
[3] P.C.M. Rodrigues, E.V. Pereloma, D.B. Santos, Mechanical properties of an HSLA bainitic 
steel subjected to controlled rolling with accelerated cooling, Mater. Sci. Eng. A283 (2000) 
136-143. 
[4] R.D.K. Misra, H. Nathani, J.E. Hartmann, F. Siciliano, Microstructural evolution in a new 770 
MPa hot rolled Nb–Ti microalloyed steel, Mater. Sci. Eng. A394 (2005) 339-352. 
[5] T. Jia, Z. Liu, H. Hu, G. Wang, The optimal design for the production of hot rolled strip with 
“tight oxide scale” by using multi-objective optimization, ISIJ Int. 51 (2011) 1468-1473. 
[6] X.L. Yu, Z.Y. Jiang, D.B. Wei, C.L. Zhou, Q.X. Huang, D.J. Yang, Tribological properties of 
magnetite precipitates from oxide scale in hot-rolled microalloyed steel, Wear 302 (2013) 
1286-1294. 
[7] Z.Y. Jiang, J. Tang, W. Sun, A.K. Tieu, D. Wei, Analysis of tribological feature of the oxide 
scale in hot strip rolling, Tribol. Int. 43 (2010) 1339-1345. 
[8] M. Torres, R. Colas, A model for heat conduction through the oxide layer of steel during hot 
rolling, J. Mater. Process. Technol. 105 (2000) 258-263. 
[9] D.R. Clarke, The lateral growth strain accompanying the formation of a thermally grown oxide, 
Acta Mater. 51 (2003) 1393-1407. 
[10] B. Panicaud, J.L. Grosseau-Poussard, J.F. Dinhut, On the growth strain origin and stress 
evolution prediction during oxidation of metals, Appl. Surf. Sci. 52 (2006) 5700-5713. 
[11] M. Krzyzanowski, J.H. Beynon, D.C.J. Farrugia, Oxide scale behavior in high temperature 
metal processing, Wiley-VCH, Darmstadt, 2010. 
[12] W. Liu, X. Sun, E. Stephens, M. Khaleel, Interfacial shear strength of oxide scale and SS 441 
substrate, Metall. Mater. Trans. A42 (2011) 1222-1228. 
26 
 
[13] D.J. Young, High temperature oxidation and corrosion of metals, Elsevier, Oxford, UK, 2008. 
[14] E. Fedorova, D. Monceau, D. Oquab, Quantification of growth kinetics and adherence of oxide 
scales formed on Ni-based superalloys at high temperature, Corros. Sci. 52 (2010) 3932-3942. 
[15] P. Brito, H. Pinto, Ch. Genzel, M. Klaus, A. Kaysser-Pyzalla, Epitaxial stress and texture in 
thin oxide layers grown on Fe-Al alloys, Acta Mater. 60 (2012) 1230-1237. 
[16] R. Krishnamurthy, D.J. Srolovitz, Stress distributions in growing polycrystalline oxide films, 
Acta Mater. 52 (2004) 3761-3780. 
[17] J.A. Nychka, C. Pullen, M.Y. He, D.R. Clarke, Surface oxide cracking associated with 
oxidation-induced grain boundary sliding in the underlying alloy, Acta Mater. 52 (2004) 
1097-1105. 
[18] H.E. Evans, H.Y. Li, P. Bowen, A mechanism for stress-aided grain boundary oxidation ahead 
of cracks, Scripta Mater. 69 (2013) 179-182. 
[19] R.C. Lobb, H.E. Evans, Formation of protective oxide film on chromium-depleted stainless 
steel, Met. Sci. 15 (1981) 267-274. 
[20] X. Peng, J. Yan, Y. Zhou, F. Wang, Effect of grain refinement on the resistance of 304 stainless 
steel to breakaway oxidation in wet air, Acta Mater. 53 (2005) 5079-5088. 
[21] R. Singh, J.H. Schneibel, S. Divinski, G. Wilde, Grain boundary diffusion of Fe in 
ultrafine-grained nanocluster-strengthened ferritic steel, Acta Mater. 59 (2011) 1346-1353. 
[22] B. Pujilaksono, T. Jonsson, M. Halvarsson, J.-E. Svensson, L.-G. Johansson, Oxidation of iron 
at 400-600 °C in dry and wet O2, Corros. Sci. 52 (2010) 1560-1569. 
[23] H. Fujikawa, Y. Iijima, Effect of grain size on the high temperature oxidation behaviour of 
austenitic stainless steels, Defect Diffus. Forum 333 (2013) 149-155. 
[24] D.R. Baer, M.D. Merz, Differences in oxides on large-and small-grained 304 stainless steel, 
Metall. Trans. A11 (1980) 1973-1980. 
27 
 
[25] K.D. Ralston, N. Birbilis, C.H.J. Davies, Revealing the relationship between grain size and 
corrosion rate of metals, Scripta Mater. 63 (2010) 1201-1204. 
[26] S.N. Basu, G.J. Yurek, Effect of alloy grain size and silicon content on the oxidation of 
austenitic Fe-Cr-Ni-Mn-Si alloys in pure O2, Oxid. Met. 36 (1991) 281-315. 
[27] Y. Niu, F. Gesmundo, G. Farne, Y.S. Li, P. Matteazzi, G. Randi, The air oxidation of a 
nanocrystalline Cu-10 wt % Ni alloy at 800 °C, Corros. Sci. 42 (2000) 1763-1777. 
[28] F. Wang, The effect of nanocrystallization on the selective oxidation and adhesion of Al2O3 
scales. Oxid. Met. 48 (1997) 215-224. 
[29] W.M. Melfo, R.J. Dippenaar, In situ observations of early oxidation formation in steel under 
hot-rolling conditions, J. Microsc. 225 (2007) 147-155. 
[30] J.H. Kim, D.I. Kim, J.H. Shim, K.W. Yi, Investigation into the high temperature oxidation of 
Cu-bearing austenitic stainless steel using simultaneous electron backscatter diffraction-energy 
dispersive spectroscopy analysis. Corros. Sci. 77 (2013) 397-402. 
[31] J.W. Zhao, Z.Y. Jiang, J.S. Kim, C.S. Lee, Effects of tungsten on continuous cooling 
transformation characteristics of microalloyed steels, Mater. Design 49 (2013) 252-258. 
[32] M. Ueda, K. Kawamura, T. Maruyama, Void formation in magnetite scale formed on iron at 
823 K - Elucidation by chemical potential distribution, Mater. Sci. Forum 522 (2006) 37-44. 
[33] J. Zhao, J.H. Lee, Y.W. Kim, Z. Jiang, C.S. Lee. Enhancing mechanical properties of a 
low-carbon microalloyed cast steel by controlled heat treatment, Mater. Sci. Eng. A559 (2013) 
427-435. 
[34] J. Zhao, Z. Jiang, C.S. Lee, Enhancing impact fracture toughness and tensile properties of a 
microalloyed cast steel by hot forging and post-forging heat treatment processes, Mater. Design 47 
(2013) 227-233. 
[35] F.J. Humphreys, M. Hatherly, Recrystallization and related annealing phenomena, second ed., 
Elsevier, Oxford, 2004. 
28 
 
[36] H.S. Ubhi, I. Brough, K. Larsen, Study of recovery and recrystallisation in a folded Al alloy, 
Mater. Sci. Forum 753 (2013) 7-10. 
[37] L. Suárez, Y. Houbaert, X.V. Eynde, R. Colás, High temperature deformation of oxide scale, 
Corros. Sci. 51 (2009) 309-315. 
[38] B.K. Kim, J.A. Szpunar, Orientation imaging microscopy for the study on high temperature 
oxidation, Scripta Mater. 44 (2001) 2605-2610. 
[39] P.H. Bolt, Understanding the properties of oxide scales on hot rolled steel strip, Steel Res. Int. 
75 (2004) 399-404. 
[40] L. Chang, S.N. Lin, Analytical electron microscopy study of interfacial oxides formed on a 
hot-rolled low-carbon steel, Oxid. Met. 63 (2005) 131-144. 
[41] R.Y. Chen, W.Y.D. Yuen, Short-time oxidation behavior of low-carbon, low-silicon steel in air 
at 850-1180 °C-I: oxidation kinetics, Oxid. Met. 70 (2008) 39-68. 
[42] G.C. Wood, J. Stringer, The adhesion of growing oxide scales to the substrate, J. Phys. IV 3 
(1993) 65-74. 
[43] F. Viani, F. Gesmundo, The relationships between the different rate constants and the diffusion 
properties of the oxides in the parabolic oxidation of a metal or a lower oxide to multilayer scales: 
application to the oxidation of iron, Corros. Sci. 20 (1980) 541-554. 
[44] F. Gesmundo, Y. Niu, D. Oquab, C. Roos, B. Pieraggi, F. Viani, The air oxidation of two-phase 
Fe-Cu alloys at 600-800° C, Oxid. Met. 49 (1998) 115-146. 
[45] D. Caplan, R.J. Hussey, G.I. Sproule, M.J. Graham, The effect of FeO grain size and cavities 
on the oxidation of Fe, Corros. Sci. 21 (1981) 689-711. 
[46] H. Tanei, Y. Kondo, Effects of initial scale structure on transformation behavior of wüstite, ISIJ 
Int. 52 (2012) 105-109. 
29 
 
[47] V.V. Basabe, J.A. Szpunar, Growth rate and phase composition of oxide scales during hot 
rolling of low carbon steel, ISIJ Int. 44 (2004) 1554-1559. 
[48] X.L. Yu, Z.Y. Jiang, D.B. Wei, D.J. Yang, Q. Yang, Enthalpy-based modelling of phase 
transformation of oxide scale on hot-rolled steel strip, Steel Res. Int. (2012) 999-1002. 
[49] H. Mehrer, Landolt Börnstein, Numerical data and functional relationships in science and 
technology: Group III, vol. 26, Springer, Berlin, 1990. 
[50] J.C. Fisher, Calculation of diffusion penetration curves for surface and grain boundary 
diffusion, J. Appl. Phys. 22 (1951) 74-77. 
[51] A. Suzuki, Y. Mishin, Interaction of point defects with grain boundaries in fcc metals, Interface 
Sci. 11 (2003) 425-437. 
[52] M. Auinger, R. Naraparaju, H.J. Christ, M. Rohwerder, Modelling high temperature oxidation 
in iron-chromium systems: combined kinetic and thermodynamic calculation of the long-term 
behaviour and experimental verification, Oxid. Met. 76 (2011) 247-258. 
[53] A.E. Paladino, R.L. Coble, Effect of grain boundaries on diffusion-controlled processes in 
aluminium oxide, J. Am. Ceram. Soc. 46 (1963) 133-136. 
[54] R. Herchl, N.N. Khoi, T. Homma, W.W. Smeltzer, Short-circuit diffusion in the growth of 
nickel oxide scales on nickel crystal faces, Oxid. Met. 4 (1972) 35-49. 
[55] K. Kuroda, P.A. Labun, G. Welsch, T.E. Mitchell, Oxide-formation characteristics in the early 
stages of oxidation of Fe and Fe-Cr alloys, Oxid. Met. 19 (1983) 117-127. 
[56] M. Schütze, Protective oxide scales and their breakdown, D. R. Holmes (Ed.), Chichester, 
Wiley, 1997. 
[57] P.R. Wilson, Z. Chen, The effect of manganese and chromium on surface oxidation products 
formed during batch annealing of low carbon steel strip, Corros. Sci. 49 (2007) 1305-1320. 
[58] H. Goto, K. Miyazawa, H. Honma, Effect of the primary oxide on the behavior of the oxide 
precipitated during solidification of steel, ISIJ Int. 81 (1995) 715-720. 
30 
 
[59] L. Suárez, P. Rodríguez-Calvillo, Y. Houbaert, R. Colás, Oxidation of ultra low carbon and 
silicon bearing steels, Corros. Sci. 52 (2010) 2044-2049. 
[60] V. Novikov, Grain growth and control of microstructure and texture in polycrystalline 
materials, CRC Press, Boca Raton, FL, 1997. 
[61] T. Jonsson, B. Pujilaksono, S. Hallström, J. Ågren, J.E. Svensson, L.G. Johansson, M. 
Halvarsson, An ESEM in situ investigation of the influence of H2O on iron oxidation at 500 °C, 






Fig. 1 Schematic illustration of the heat-treatment schedule used for in situ oxidation test. 
Fig. 2 (a) Dilatation versus temperature curve of the steel specimens at the heating rate of 20 C /s. 
Ac1 and Ac3 are austenitisation starting and finishing temperatures during heating. (b) Dynamic 
continuous cooling transformation diagram of the Nb-V-Ti microalloyed steel [2], austenite (A), 
ferrite (F), pearlite (P) and bainite (B). 
Fig. 3 (a) OM microstructure of the microalloyed steel substrate showing polygonal ferrite and 
pearlite, (b) SEM image for surface morphology of the polygonal ferrite. 
Fig. 4 Snapshots from video recorded an in situ for the formation and growth of oxide scale on the 
surface of the specimen for 30 s oxidation in dry air, (a) austenitising of steel substrate at 1050 C, 
(b) at 850 C, (c) transformed phase of steel substrate, (d) introduction of oxidising gas at 550 C, 
(e) in oxidation process, and (f) the oxide scale under the protective gas cooling. The time indicated 
in the figure is the program proceeding time rather than oxidation time. 
Fig. 5 SEM images of the oxidised samples after 30 s exposure to dry air at (a) 550 C, (b) 600 
C, (c) 750 C, (d) 850 C, (e) spallation of oxide scale occurred at the centre of grains of the 
microalloyed steel substrate after oxidation at 850 C, (f) enlarge image of (e), where the dashed 
lines mark the ridge boundaries of the steel substrates. 
Fig. 6 Cross sections of tight oxide scale formed on (a) fine-grained and (b) coarse-grained steel 
substrate. (c) Representative EBSD grain size map for the steel substrate after oxidation at 850 °C, 
(d) Histogram of grain boundaries of the steel substrate. 
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Fig. 7 SEM images of FIB cross sections showing morphology of oxide scale developed on the 
steel substrate at (a) 550 C, and (b) 600 C. (c) Schematic representation of the effect of 
temperature on the stresses separating the oxide scale and steel substrate; data from the literature  
[11] is added for comparison. 
Fig. 8 AFM images of the surface topography after 30 s oxidation at different temperatures in air, (a) 
550 C, (b) 600 C. 
Fig. 9 X-ray diffraction patterns of oxide scale formed at (a) 750 C, (b) 600 C, and (c) 550 
C. 
Fig. 10 Arrhenius plot of final parabolic rate constant. Activation energy for growth of uniform, 
adherent poloycrystalline oxide scale (solid line) is 179.2 kJ/mol; data from the literature [41] is 
added for comparison. (It is noted that the bottom X1 axis corresponds to the top X2 axis using the 
equation X2=1000/X1-273.15.) 
Fig. 11 Relationship between the effective diffusivity ratio Deff/Deff* and the grain size of the steel 
substrate d, where the reference one Deff* with the grain size of 10 µm. This demonstrates that Deff 
is enhanced by grain refinement. 
Fig. 12 Schematic diagram of spalling mechanism of oxide scale, (a) the oxide scale formed on 
coarse-grained steel substrate, (b) spallation failure by compressive stress when cooling, (c) the 
oxide scale formed on fine-grained steel substrate, (d) the formation of the tight oxide scale when 





















































Fig. 2 (a) Dilatation versus temperature curve of the steel specimens at the heating rate of 20 C /s. 
Ac1 and Ac3 are austenitisation starting and finishing temperatures during heating. (b) Dynamic 
continuous cooling transformation (CCT) diagram of the Nb-V-Ti microalloyed steel [2], austenite 







Fig. 3 (a) OM microstructure of the microalloyed steel substrate showing polygonal ferrite and 


















Fig. 4 Snapshots from video recorded an in situ for the formation and growth of oxide scale on the 
surface of the specimen for 30 s oxidation in dry air, (a) austenitising of steel substrate at 1050 C, 
(b) at 850 C, (c) transformed phase of steel substrate, (d) introduction of oxidising gas at 550 
C, (e) in oxidation process, and (f) the oxide scale under the protective gas cooling. The time 
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Fig. 5 SEM images of the oxidised samples 30 s exposure to dry air at (a) 550 C, (b) 600 C, (c) 
750 C, (d) 850 C, (e) spallation of oxide scale occurred at the centre of grains of the 
microalloyed steel substrate after oxidation at 850 C, (f) enlarge image of (e), where the dashed 


















Fig. 6 Cross sections of tight oxide scale formed on (a) fine-grained and (b) coarse-grained steel 
substrate. (c) Representative EBSD grain size map for the steel substrate after oxidation at 850 °C, 
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Fig. 7 SEM images of FIB cross sections showing morphology of oxide scale developed on the 
steel substrate at (a) 550 C and (b) 600 C. (c) Schematic representation of the effect of 
temperature on the stresses separating the oxide scale and steel substrate; data from the literature  




























Fig. 8 AFM images of the surface topography after 30s oxidation at different temperatures in air, (a) 






30 40 50 60
2θ /degree
 

























Low carbon steel [41]
Microalloyed steel
 
Fig. 10 Arrhenius plot of final parabolic rate constant. Activation energy for growth of uniform, 
adherent poloycrystalline oxide scale (solid line) is 179.2 kJ/mol; data from the literature [41] is 



























Fig. 11 Relationship between the effective diffusivity ratio Deff/Deff* and the grain size of the steel 
substrate d, where the reference one Deff* with the grain size of 10 µm. This demonstrates that Deff 



















Fig. 12 Schematic diagram of spalling mechanism of oxide scale, (a) the oxide scale formed on 
coarse-grained steel substrate, (b) spallation failure by compressive stress when cooling, (c) the 
oxide scale formed on fine-grained steel substrate, (d) the formation of the tight oxide scale when 





Table 1 Chemical compositions of the microalloyed steel. 
Elements C Si Mn P Cr S Al N Nb +V+ Ti Fe 
wt.% 0.1 0.15 1.61 0.014 0.21 0.002 0.034 0.003 0.016-0.041 Bal. 
 
 
